222(3)
: 588-594. 1972 that a gastric pacemaker is present in the orad corpus of the canine stomach near the greater curvature (9, 2 1). The pacemaker generates a regular, cyclic change in electric potential called the "pacesetter potential" (PP), slow wave, or initial potential (8) at a frequency of about 5 cycles/min (10). The PP is propagated with increasing velocity from its site of origin in the orad corpus to the gastroduodenal junction. It has been proposed that as it sweeps caudally through the gastric wall the PP synchronizes the gastric smooth muscle so that when contractions occur, they will be coordinated and peristaltic instead of disorganized and random (7). The object of these experiments was to control the canine gastric pacesetter potential in the conscious dog by electric stimulation.
METHODS

Six mongrel
dogs weighing between 10 and 14 kg were used. Electric stimulation was performed through two kinds of chronically implanted silver electrodes. The first type consisted of a pair of silver wires 0.25 mm in diameter and about 10 cm in length. Insulated copper leads were soldered to the midportion of each wire and connected to a radio tube socket mounted with epoxy resin in a stainless steel cannula. The second type consisted of silver point electrodes 1 mm in diameter that projected 2 mm from an acrylic plastic disk similar to disks used previously in this laboratory ( 1). The shafts of the electrodes were insulated, but their tips were exposed. Silver chloride was deposited electrolytically on the tips. The electrodes were soldered to copper wires, and the soldered junctions were then cast within the insulating acrylic disks. Two holes were drilled in each disk and sutures passed through the holes to anchor the disks to the stomach. The insulated copper wires led from the disks to pins in the same radio tube socket to which the first type of electrodes were attached. All electrodes were implanted at operation using sterile technique in animals anesthetized with sodium pentobarbital. Four dogs (dogs I, 2, 3, and 4) received both types of electrodes, while only point electrodes were implanted in dogs 5 and 6. The silver wire electrodes were threaded entirely around the stomach so that they completely encircled the viscus parallel to the circular muscle. The wires were placed 1 cm apart with the more caudad ones 5 cm orad to the pylorus, and both rested on the gastric serosal surface. After positioning, the ends of the wires were twisted together, excess wire was trimmed off, and the wires were anchored in place with sutures. Subsequently these electrodes will be referred to herein as encircling electrodes. Point electrodes were implanted on the anterior serosal surface of the stomach along a longitudinal axis midway between the greater and lesser curve. In dog I, four of these electrodes were used, the first of which was 1 cm orad to the proximal encircling electrode. The second, third, and fourth electrodes were positioned 1 cm apart, beginning 1 cm aborad to the distal encircling electrode. Dogs 2, 3, and 4 each had eight point electrodes. Two were positioned 1.5 cm apart in the fundus; three were 6.5, 4, and 2 cm orad to the proximal encircling electrode; one was between the encircling electrodes; and two were 1 and 2 cm aborad to the distal encircling electrode. Dogs 5 and 6 had four point electrodes sewn 2 cm apart, and the most distal was 2 cm aborad to the pylorus.
The animals were allowed 2 weeks to recover from the operation and then were investigated during 3-6 months. t Daily values were means over 5 consecutive min. $ PP consistently entrained by every stimulus when tested for 2 min or longer. lated successfully.
Over a period of months, however, polarization became so extensive that threshold stimuli, that is, stimuli with a strength of 1 ma or greater, could not be delivered even though the maximal gain of the stimulator was used. At this time, experiments on the dog had to be terminated.
The recordings were analyzed by noting the occurrence, configuration, and rhythm of the PP at the site of each electrode.
The frequency of the PP was determined by counting the number of cycles occurring during a 5-min period and expressing the result as the mean frequency in cycles per minute.
The durations of 10 consecutive cycles of the PP were measured, and means and standard errors were determined.
The time required for propagation of a PP from one electrode to the next adjacent electrode was noted on six sequential occasions for each pair of electrodes, and the mean time was computed. Spontaneous gastric dysrhythmias were found on occasion in the fasting dog, and when they occurred, electric stimulation was commenced to determine if generation of a regular rhythm of PPs could be accomplished.
In addition, the response of four dogs on 3 separate days to the gastric instillation via an oral gastric tube of 500 ml of water at 37 C was noted both with and without electric stimulation at 5.1 pulses/min. The frequency of the PP was determined over a 5-min interval before and l-6 min after instillation of the gastric instillate on each occasion.
RESULTS
All dogs recovered from the operation and were healthy throughout the study. They ate well, did not vomit, and maintained their weight. Fasting control pattern. The pattern of gastric electric activity in the fasting dogs was similar to that described by others ( 10). The natural gastric PP was detected by all point electrodes in the corpus and antrum but not by those in the fundus. The initial portion of a typical cycle of the PP was usually triphasic and the second portion, isopotential (Fig. 1) . but was characteristic for each dog at each electrode site and varied Iittle from day to day. The frequency of the PP was the same wherever it was detected, and the mean frequency was 5.0 cycles/min (Table  1) . The PP arose in the orad corpus and was propagated aborad to the pylorus. Electric stimulation during fasting. The passage of a rectangular pulse of current 5 times per minute with a duration of 0.5 set and an amplitude of 4-8 ma through both types of stimulating electrodes generated PPs, but not action potentials (spike potentials), in all areas of the stomach except the fundus. When stimulation was commenced, the natural PP was often recorded for an initial brief period at a frequency slightly different from that of the stimulus. Then, coupling took place between the stimulus and the excitable tissues in the gastric wall so that the frequency of the recorded PP corresponded exactly to the frequency of the stimulus, and the phase lag between the onset of the stimulus and the onset of the recorded PP was constant (Figs. 1, 2, and 3). Simultaneous suppression of the natural gastric PP took place when coupling occurred, since PPs corresponding to the frequency of the natural pacemaker were no longer recorded (Fig. 1 ). Pacesetter potentials were generated both when action potentials (spikes) were occurring spontaneously with the natural PP and when they were not present. If action potentials were present before stimulation, they also appeared with the generated PP. If action potentials were not present before stimulation, they usually were not found with the generated PP ( Figs. 1 and 2 ). The generated PP detected by electrodes aborad to the site of stimulation had the same configuration as the natural PP (Figs. 1 and 2 ), but that detected by electrodes placed orad to the site of stimulation often had a larger amplitude of negative deflection of the triphasic complex (Fig. 2) . The generated PP was propagated from sites of electric stimulation both orad through the corpus and aborad to the gastroduodenal junction, but it was not propagated into the gastric fundus. The time required for propagation of the generated PP between any two electrodes was the same whether the PP was propagating aborad or orad; it was also the same as that required for propagation of the natural PP (Fig. 1 , Table 2 ). The phase lag between the onset of the stimulus at the cathode and the appearance of the generated PP at electrodes aborad to the site of stimulation was unaltered when the duration of the stimulus was increased from 0.5 to 2.0 set, and the frequency and amplitude of the stimulus were kept constant (Fig. 3) . Also, when the more aborad electrode of a pair of stimulating electrodes was used as the cathode, the generated PP appeared sooner after onset of the stimulus at a recording electrode aborad to the site of stimulation than when the more orad of the pair of stimulating electrodes was used as the cathode (Fig. 4) . These findings indicate that the onset of the stimulus at the cathode was the electric event that generated the PP. The frequency of the generated PP could be increased to a mean of 8.0 or decreased to a mean of 4.2 cycles/min by changing the frequency of the stimulus ( Slowing the frequency of the stimulus to less than a mean of 4.2 pulses/min resulted in generation of PPs only when the stimulus occurred during the latter portion of the cycles of the natural PP. When the ratio between the period of the stimulus and the period of the natural PP was about 3 : 2, every other stimulus generated a PP and simultaneously suppressed the natural PP (Fig. 6) . After generation of a PP by the stimulus, a compensatory pause occurred so that two natural periods elapsed between the onset of the natural PP preceding and that following a generated PP. The natural PP was then detected again at its natural period (Fig. 6) .
When five consecutive cycles of the PP were generated at electrodes 5-8 cm orad to the pylorus (frequency, 5 pulses/min; amplitude, 4-8 ma; duration, 0.5 set) and the stimulus then stopped, the first natural gastric PP appeared between one and four natural periods after the last generated PP was detected at electrodes distal to the site of stimulation.
After two natural cycles had reappeared, the same electric stimulus was resumed for five more cycles, stopped, and again the interval for reappearance of the natural PP was within the same range. Ten replications of this sequence showed that the natural PP always reappeared after one and before four natural periods had elapsed (Fig.  7) after the sequence of electric stimulation was stopped and returned to its prestimulation value in 3-6 min. After electric stimulation was stopped, the PP could be detected by point &electrodes that had just been used for stimulation.
However, the configuration of the triphasic complex of the PP recorded by these electrodes was usually distorted temporarily (lo-30 min), and its amplitude was often smaller than before stimulation.
Spontaneous gastric dysrhythmias were found 3 times in the fasting dog. On these occasions, electrodes in the antrum recorded a rapid, irregular PP with a frequency of 12-16 cycles/min, while electrodes in the corpus recorded simultaneously PPs at 5 cycles/min, the frequency of the usually dominant corporal pacemaker. These rapid, antral rhythms were converted to the slower, regular rhythm of the natural pacemaker by electric stimulation (Fig. 8) . Electric stimulation during gastric instillation of water. Gastric instillation of 500 ml of water at 37 C decreased the mean frequency of the PP from 4.9 to 4.1 cycles/min within 5 min (Table  3) . In contrast, when the stomach was being stimulated electrically at a frequency of 5.1 pulses/min, the same instillation produced no change in the frequency of the PP.
DISCUSSION
Our report shows that gastric PPs can be generated at the cathode of a pair of stimulating electrodes when a suitable electric pulse is delivered to the gastric wall of a conscious healthy dog.
Biilbring, Burnstock, and Holman (6), Tamai and Prosser (20) and, more recently, Mills and Taylor ( 13) Whether the electric stimuli acted on neurons in the gastric wall or directly on the smooth muscle is unknown.
The generated PP that propagated aborad from sites of electric stimulation had the same configuration and required the same time for propagation between electrodes as the natural PP. This suggests that the configuration and the time of propagation of the PP are determined by the characteristics of the gastric wall and the direction and pathway through which the PP is propagated, rath by the type of stimulus initiating the phenomenon.
.er than
The observation that propaiation occurs aborad and orad from the site of stimulation is compatible with the concept of an electric syncytium of smooth muscle in the Our data show that the frequency of the PP in the conscious dog could be increased from 5 to 8.0 cycles/min by increasing the frequency of the electric stimulus. When the duration of the interval between stimuli was shortened to a mean of less than 7.5 set, however, PPs could no longer be generated consistently. Thus, 7.5 set was the refractory period to these electric stimuli.
Daniel and Irwin (8) also have described a refractory period of about 8 set, which occurs after the appearance of a PP in the canine antrum and during which a premature PP could not be initiated PP when contractions are present, and action potentials the n atural pacemaker. Otherwise, the natural PP would have appeared at some point between the cycles of the pulling had limits. When the interval between electric stimuli was longer than 14 set, the natural gastric PP reappeared, and its period was then the same as before stimulation.
Nelsen and Becker ( 15) The frequency of the generated PP could be decreased
